An RNA-dependent DNA polymerase associated with intracisternal A particles has been characterized. The enzyme required Mg2+ or Mn 2+, dithiothreitol and the presence of all four deoxyribonucleoside triphosphates for the expression of maximal activity. Sensitivity of the endogenous RNA-dependent DNA polymerase activity to a low concentration of pancreatic ribonuclease in the presence of a high concentration of NaCl suggested that the enzyme might be utilizing the A particle endogenous RNA as template. Evidence in support of this was provided by analyses of early and late DNA products of the endogenous reaction by Cs2SOI isopycnic gradient centrifugation and hybridization of purified 60 to 70S and 35S RNAs of A particles with the purified DNA product.
Recent reports strongly suggest that intracisternal A particles represent some expression of a viral genome, since they contain a high molecular weight, 60 to 70S RNA as the endogenous nucleic acid, and a group-specific structural protein of 70,000 molecular weight (14, 35) .
Their occurrence has been frequently observed in tumors of the gerbil (29) , rat (19) , guinea pig (18) , man (25) , and in both normal and neoplastic mouse tissues (6) (7) (8) 33) . Such particles are most probably vertically transmitted from oocyte to the fertilized embryo, a phenomenon analogous to murine C-type viruses, and their transient bursts of proliferation during early embryonic development have been described (5) .
In mice they are most abundant in certain tumors and can be obtained in significant quantities from such neoplasms as the plasma cell tumor, squamous carcinoma, and neuroblastoma. Advances in the biochemical studies of intracisternal A particles have been difficult because of problems involving cellular contamination inherent in their isolation from cytoplasmic cisternae. The cryptic expression or the loss of biochemical function, as a result of strenuous purification procedures, must be considered. An earlier report described the existence of a novel DNA polymerase activity associated with intracisternal A particles that lacked endogenous activity, that did not require detergent activation, and that was solely dependent on the synthetic template oligo dT12 -8 -poly rA. It has been referred to as a poly (dT) polymerase (32) . In this communication definitive evidence is presented to demonstrate the existence of an endogenous RNA-dependent DNA polymerase associated with intracisternal A particles. This polymerase utilizes its own endogenous RNA as template; it synthesizes a DNA product that is in the form of an RNA-DNA hybrid at the end of a short-term reaction, and primnarily DNA at the end of a long-term reaction. The DNA product hybridizes back to A particle RNA.
MATERIALS AND METHODS
Tumor and cells. A mouse plasma cell tumor (MOPC-104E) was kindly supplied by M. Potter of the National Cancer Institute, and was maintained by subcutaneous transplantation in BALB/c mice in this laboratory. Neuroblastoma (N-18) , a continuous tumor cell line (35) , was cultured in Dulbecco's modified Eagle medium supplemented with 10% heatinactivated fetal calf serum, penicillin (50 units/ml), and streptomycin (25 vg/ml) in a 5% CO2 atmosphere at 37 C. Cells were fed on alternate days. All tissue culture materials were from GIBCO.
Isolation and purification of intracisternal A particles. Preparation of purified intracistemal A particles has been previously described (15, 35) . Briefly, cytoplasmic extracts from tumor homogenates were centrifuged at 13,000 x g for 20 min to obtain a pellet of mitochondria and microsomes. A particles were freed from microsomnal vesicles through the use of Triton X-100 and mechanical shearing. The freed particles were further purified through three centrifugation cycles in discontinuous sucrose (25 should be emphasized that N-18 neuroblastoma cells showed no C-type viruses as examined ultrastructurally, nor did the A particle isolates contain C-type viral antigens (35) . Although the whole cells from MOPC-104E plasma cell tumor contain C-type viral antigens, the purified A particles do not (35) . Furthermore, the purification scheme rules out the chances for contamination by C-type viruses as demonstrated by a reconstitution experiment in which Rauscher leukemia virus (RLV) labeled with 3H-uridine was added to the initial tumor cell suspension prior to the isolation and purification of intracisternal A particles. All RLV-associated tritium counts were removed at the initial discontinuous sucrose gradient centrifugation (35) . A particles purified by a final linear gradient centrifugation step therefore exhibit biochemical properties that can be appropriately considered as intrinsic to A particles alone.
DNA polymerase assays. Details of DNA polymerase assay have been described earlier (2, 28, 34) except for some minor variations used to optimize the assay conditions. Briefly, in a final volume of 50 gliters, the assay mixture contained Tris-hydrochloride, pH 8.1, 50 mM; Mg acetate, 10 (4) . AMV materials banding at a density of weight RNA was extracted from purified AMV and from RLV, and purified by velocity gradient centrifugation prior to being used as templates in DNA polymerase assays. Details of the extraction and purification procedures have been documented elsewhere (35) . The majority of the viral RNA from either AMV or RLV, when purified to homogeneity, sedimented at the 60 to 70S area. This fraction was concentrated by precipitation in ethanol-NaCl and the RNA was resuspended in 0.1 M NaCl and 5 mM MgCl2 prior to use as templates.
Templates. Natural templates, unless specified, were purchased from Miles laboratory. Salmon sperm DNA was activated with a limited DNAase digestion at 37 C for 15 min as described elsewhere (21), followed by extensive purification as described below for DNA products. Copolymers and homopolymers of various synthetic oligonucleotides with specified chain lengths were obtained from either Miles Laboratory or Collaborative Research Corp.
Purification and analysis of DNA products of the endogenous RNA-dependent DNA polymerase reaction. The radioactive products from the endogenous RNA-dependent DNA polymerase reaction were adjusted to 0.3 M Na acetate, pH 5.0, purified by phenol-SDS extraction twice, ether extraction four times, and then ethanol-NaCl precipitation overnight at -20 C. The DNA precipitates were then collected by centrifugation, redissolved in 0.3 M Na acetate, and applied to a sulfopropyl Sephadex C-50 column.
Fractions eluted at the void volume were pooled and reprecipitated in ethanol-NaCl prior to Cs2SO4 isopycnic centrifugation analysis at 40,000 rpm for 60 h in the SW 50 rotor. Gradient samples were weighed for density determination prior to precipitation in 12% trichloroacetic acid and processed for radioactive determination.
Hybridization reactions and analysis of the RNA-DNA hybrids with S-l exonuclease. 3H-DNA product of the endogenous RNA-dependent DNA polymerase of intracisternal A particles was prepared in the presence of 5 Mg of actinomycin D per ml as described in the previous sections. The 3H-DNA was passed through a Sephadex G50 column (180 by 0.8 cm) instead of an SP Sephadex C50 column. The 3H-DNA recovered at the void volume was adjusted to 0.3 N KOH and was hydrolyzed at 100 C for 10 min to remove any RNA. The sample was then neutralized with HCl and adjusted to 3 x SSC (1 x SSC-0.15 M NaCl-0.015 M trisodium citrate) and 50% formamide (Eastman-Kodak) for hybridization. Purified intracisternal A particle 60 to 70S RNA and 35S RNA at about 2.0 Mg was then added to 200 Aliters of the hybridization mixture, and the reaction was carried out at 37 C for 18 h. Control samples were prepared in the same manner without or with heterologous RNA, such as QI3 RNA, at the same concentration. At the end of the hybridization reaction, the samples were adjusted to a final concentration of 25 mM Na acetate (pH 4.5), 0.5 mM ZnSO4, 0.15 M NaCl, and 20 Aliters of purified S-1 exonuclease. The nuclease assay was then continued at 45 C for 90 min. At the end of the assay, the reaction was terminated with precipitation in 12% trichloroacetic acid with 20 Mg of yeast transfer RNA (Miles Laboratory) as carrier. The radioactivity was determined as described earlier.
Preparation of S-1 exonuclease. S-1 exonuclease was purified from crude a-amylase powder (Sigma Chemical Co.) from Aspergillus oryzae according to the procedures described by Sutton (26) . It has a specific activity of hydrolyzing about 1,000 counts/ min of 3H-DNA (single stranded) per 60 min per 2
Aliters of the enzyme preparation at 45 C.
Protein determination. Protein was determined by the Lowry method (16). Since glycerol, sucrose, and Triton all interfere with the colorimetric determination, samples were first precipitated with 10% perchloric acid (PCA) and washed three times with PCA prior to alkali digestion; and then the protein determination was carried out.
RESULTS
Association of an endogenous RNA-dependent DNA polymerase with intracisternal A particles. Figure 2 demonstrates the association of an endogenous RNA-dependent DNA polymerase activity with purified intracisternal A particles which sedimented at the density of 1.21 to 1.23 g/cm3 across a linear sucrose gradient. When each fraction of the gradient was assayed under optimal conditions, as described in the next section, the endogenous RNAdependent DNA polymerase activity peaked sharply and uniformly at 1.21 to 1.23 g/cm3. It should be noted that there were no other contaminating materials such as C-type particles since no polymerase activity was observed at formed A particles which are morphologically intact and still exhibit significant intrinsic biochemical properties such as 60 to 70S RNA (35) . However, there are many budding forms, and shearing them free of the membranes leaves open-ended particles (Fig. 1) ; these incomplete particles are obviously susceptible to leakage of intrinsic RNA and DNA polymerase as a result of the isolation procedure. It has to be considered that the DNA polymerase activity being assayed is that primarily derived from the population of completely formed intracisternal A particles.
RNase sensitivity. RNase digestion experiments indicated that indeed the endogenous DNA polymerase of A particles most probably was dependent on the intrinsic RNA as template (Table 1 and Fig. 3 ). RNase at low concentration, 25 ,ug/ml, but in the presence of high salt, 0.15 M NaCl, for the most part digests only single-stranded RNA (20) . Under these conditions, intracisternal A particles previously treated with Triton X-102 and incubated at 37 C for 2 h lost all endogenous RNA-dependent DNA polymerase activity (Fig. 3D) . Under the same conditions but using an even lower RNase MCi each of all four 'H-deoxyribonucleotide triphosphates (10 Ci/mmol). Samples (50,Mliters each) were withdrawn at specified times, precipitated in 12% trichloroacetic acid-pyrophosphate and processed as described in the text.
concentration, 16.6 ug/ml, and a shorter period of incubation, 60 min, A particles still lost about 87% of their endogenous activity at the end of a 30-min reaction (Fig. 3C) . Further proof of the involvement of intrinsic RNA in the endogenous DNA polymerase reaction of intracisternal A particles is evident when the nature of the DNA product is considered below.
Kinetics of the RNA-dependent DNA polymerase reaction. Under optimal conditions, the rate of incorporation of acid-insoluble 3H-TMP in an endogenous reaction by detergent treated intracisternal A particles varied among preparations. Figure 4A -1 depicts the kinetics of a more active preparation (number 1) in which the endogenous reaction is linear up to 30 to 40 min at 37 C before it slowed. However, A particle preparations varied in the extent of their endogenous reaction even at the same protein concentration (Fig. 4A-1 versus 4A-2) .
A This was probably due to the availability of the RNA template; leakage of RNA from A particles due to isolation procedure could account for the paucity of an endogenous reaction in one preparation of A particles as compared with another. A particles isolated and purified from frozen tumor tissues frequently exhibited much B lower endogenous activity (Fig. 4B-3) , but given the presence of the synthetic hybrid template, dT,2 18poly rA, the initial rate of the RNAdependent DNA polymerase activity was significantly increased (Fig. 4B-1 and 2 ). The kinetics of the polymerase reaction in the presence of the dT121 8 poly dA, the DNA-DNA template, were much slower (Fig. 4B-4 were used to assess template preference. In all cases the copying of these nucleic acids was weak or nonexistent. Table 2 summarizes the effects of various synthetic templates on the RNA-dependent DNA polymerase activity of intracisternal A particles. At high concentration, 100 jig/ml, dT,2,8. poly rA is the most effective template, among all the synthetic oligonucleotides used in this study, stimulating the A particle DNA polymerase to 9.4-fold greater activity. At the same concentration, dT,2,8.poly dA did not stimulate the DNA polymerase activity. When these activities under the stimulation by the two templates are compared, a ratio (dTI2 8 -poly rA/dTI2-8 poly dA) of 9.9 was observed, which is characteristic of viral reverse transcriptase (20) . The same preferential ratio, although somewhat lower at 8.3, was observed when the template concentration was 50 jg/ml. Poly dT -poly rA, a template that stimulated both cellular and viral DNA polymerases (10, 20, 21) , also stimulated the activity of A particle DNA polymerase. Both the DNA copolymer, poly d(A-T), and the RNA-RNA duplex, poly rA -poly rU, failed to stimulate A particle DNA polymerase to a higher activity. In all these respects, the DNA polymerase of intracisternal A particles and the poly dT polymerase (32) are similar.
Interestingly, the RNA-DNA hybrid template, dG12-18 -poly rC, that was reported as specific for viral reverse transcriptase (1, 20, 22) also stimulated the DNA polymerase of intracisternal A particles to about 300% of the control activity. Much greater stimulation was observed with other A particle preparations by this template. Poly dT polymerase was also reported to be stimulated by dG12 I8 poly rC (32) . Similar to other C-type viral reverse transcriptases (1), intracisternal A particle DNA polymerase is not stimulated by dC12-18 poly rG.
Divalent cation requirement. The endogenous RNA-dependent DNA polymerase activity was preferentially activated by Mn2+ rather than by Mg2+. Figure 5 shows a divalent cation concentration dependence of the endogenous DNA polymerase activity of A particles. Optimal Mg2`concentration varied from about 5.5 to 10 mM; however, the extent of the DNA polymerase activity at optimal Mg2`concentration was much less than that observed at optimal concentration of Mn2 . The optimal concentration for Mn2+ was rather sharp and was found to be at 0.8 mM for the activation of the endogenous RNA-dependent DNA polymer- on November 2, 2017 by guest http://jvi.asm.org/ Downloaded from ase of intracisternal A particles. Both the optimal concentrations for Mg2" and for Mn2+ were found similar to those reported for murine and avian C-type viral reverse transcriptases (9, 13, 23) . The Mn2" preference of intracisternal A particle endogenous RNA-dependent DNA polymerase suggests that it resembles the viral reverse transcriptase, since the stimulation by Mn2" is a characteristic of most viral reverse transcriptases (9, 10, 13, 23) . It is noteworthy that Mn2" actually inhibits cellular DNA polymerase (10) . In this respect the endogenous RNA-dependent DNA polymerase of purified intracisternal A particles differs significantly from the poly dT polymerase (32) which resembled the cellular enzyme associated with murine tissue culture cells described by Weissbach et al. (10, 31) by virtue of Mg2" preference.
Analysis of the products of the endogenous RNA-dependent DNA polymerase reaction. The nature of the DNA products differed depending on the duration of the endogenous DNA polymerase reaction as shown in the composite Cs2SO4 analyses (Fig. 6) . The endogenous reaction of the purified intracisternal A particles used in these experiments was linear up to about 30 to 40 min. The 3H-DNA synthesized at the end of the first 5 min was clearly linked to the endogenous RNA; depending on the proportion of the newly synthesized DNA to endogenous RNA, the product sedimented at the RNA density of 1.65 g/cm3 and at the ;liters were withdrawn at 30 min. The reaction was terminated by phenol-SDS extraction of the radioactive DNA product. Purification of the product and the Cs2SO4 analysis were described in Materials and Methods.
DNA-RNA hybrid region from 1.50 to 1.55 g/cm3 at a ratio of 42:58 with respect to the distributions of acid-insoluble 'H-DNA counts.
At the end of 10 min of endogenous reaction, the 3H-DNA counts shifted more towards the hybrid region (1.55 g/cm3) and the single-stranded DNA region of 1.44 g/cm3 (17, 30) , although some counts were still associated with the endogenous RNA (1.65 g/cm3). The ratio of distribution of the 3H-DNA counts in the RNA region versus the hybrid and DNA regions was now about 25:75. At the end of 30 min of the endogenous reaction, the 3H-DNA product was found to be primarily free DNA. The product sedimented sharply at 1.44 g/cm3 with only some overlapping at the 1.42 g/cm3 area.
This product was found totally sensitive to DNAase digestion, and hybridized primarily with the high molecular weight RNA from intracisternal A particles. The pattern of appearance of the newly synthesized DNA products of the endogenous RNA-dependent DNA polymerase of intracisternal A particles also resembles those reported for avian and murine C-type viruses (11, 17, 24, 27, 30) .
Hybridization analysis with S-1 exonuclease. S-1 exonuclease degrades the unhybridized region of single-stranded DNA to acid-soluble counts. Its action seems to be specific for the single-stranded DNA and the enzyme does not digest the RNA-DNA hybrid region (3). Table 3 summarizes the result in a hybridization analysis of the 3H-DNA product of the endogenous RNA-dependent DNA polymerase reaction of intracisternal A particles with the purified RNAs from the same source. Approximately 69 and 88% of the 3H-DNA synthesized in the presence of actinomycin D were found to hybridize back to the 60 to 70S RNA and 35S RNA of intracisternal A particles, respectively. The 3H-DNA product in its single stranded condition after alkali treatment at 100 C was totally degraded by S-1 exonuclease. Neither did it hybridize with heterologous RNA such as Q,B RNA. The DNA product of the endogenous RNA-dependent DNA polymerase of intracisternal A particles therefore showed a complementarity towards the high molecular weight RNA of the A particles. Detailed analysis of the nature of this DNA product synthesized by the A particle RNA-dependent DNA polymerase will be reported elsewhere.
DISCUSSION
The success of demonstrating the association of an endogenous RNA-dependent DNA polymerase activity with intracisternal A particles clearly depends on the nature of the particles at the end of the exhaustive isolation and purification procedures which free them from cytoplasmic cisternae. The technical pitfalls enumerated above all contributed to the observation of whether intracisternal A particles possess complete DNA polymerase activities with both endogenous RNA-directed reaction and a dT, 2-18 -poly rA-directed reaction or only a poly dT polymerase activity under the direction of dT,218 poly rA. To further complicate the technical problems, the replication of intracisternal A particles cannot be synchronized in either the MOPC-104E tumor tissues or the neuroblastoma N-18 tissue culture line. These A particles are continuously budding into the cisternae. The probability of obtaining open or budding forms of intracisternal A particles potentially deficient in high molecular weight RNA, and therefore endogenous RNA-dependent DNA polymerase activity, was great; such open forms have been described in a previous electron microscope study (15) . Albeit, evidence thus far supports the fact that intracisternal A particles do possess an endogenous RNA-dependent DNA polymerase similar to other viral reverse transcriptases. It utilizes the A particle endogenous RNA and synthetic RNA-DNA hybrids as templates. It possesses characteristics typical of reverse transcriptase from oncornaviruses such as Mn2+ preference, a template ratio of dT 12-18 poly rA/dT,2-15 poly dA greater than 9.9, and a moderate stimulation by dG,2 18 poly rC. The purified DNA products of the endogenous reaction synthesized in the presence of actinomycin D showed 70 to 90% base complementarity with the A particle 35 and 70S RNA. Currently, we are examining the homology of the DNA products of intracisternal A particle RNA-dependent DNA polymerase with high molecular weight RNAs of several C-type oncornaviruses. It is possible that the information derived will demonstrate more definitively the genetic relationship of intracisternal A particles with other RNA tumor viruses.
